Abstract. Infiltration of hematogenous lineage cells into the central nervous system (CNS) was investigated in the twitcher mouse, a murine model of globoid cell leukodystrophy in human. The hematogenous cells were selectively labeled following intraperitoneal injection of rhodamine isothiocyanate (RhIc). The frequency of detecting RhIc-labeled cells (Rhlc ϩ cells) in the twitcher CNS varied with age. RhIc ϩ cells were hardly detected when injection was made prior to the postnatal day (PND) 30. The number of Rhlc ϩ cells increased thereafter peaked at PND 35-38 and declined drastically at PND 40-45. The majority of RhIc ϩ cells were distributed in white matter of the CNS that correlated well with the areas of demyelination and of increased microglia/macrophage population described in our earlier studies. Almost all RhIc ϩ cells were double-labeled with antibody for Mac-1 and also with MHC class II. Some small cells double-labeled with RhIc and antibodies for CD4, CD8, or IL-2R were also identified. By RT-PCR, the expression of monocyte chemoattractant protein-1 (MCP-1) mRNA increased drastically at PND 30, peaked at PND 35, and decreased gradually after PND 40. This pattern of mRNA changes correlated well with the dynamic pattern of the infiltration of hematogenous cells into the CNS, suggesting a role of chemokine(s) in the cellular infiltration in the twitcher brain. The expression of IL-10 mRNA also increased gradually. IL-10 is a cytokine inhibitory factor and a major regulator in suppressing the inflammatory response. Thus, our results indicated that hematogenous lineage cells infiltrated in the CNS of twitcher mice, and that MCP-1 and IL-10 may play an important role in regulating the cellular recruitment.
INTRODUCTION
Microglia are cells that react to a variety of CNS injuries and undergo morphological, functional, and immunological changes (1) . There has been a long controversy as to the ontogeny of microglia (2, 3) . Currently, however, the most widely accepted hypothesis is that microglia are cells of hematogenous origin, infiltrated into the brain during the embryonic stage and remain within the CNS (4-7). In the adult brain, microglia remain ramified but increased numbers of microglia with extensive morphological changes have been well documented in various CNS disorders such as multiple sclerosis, Alzheimer disease, and in several experimental animals following axotomy and the epidural kainic acid lesion. These morphologically altered microglia express peripheral macrophage markers strongly, and thus it is difficult to distinguish reacting resident microglia from infiltrating hematogenous cells in these disorders. Hematogenous cell infiltrate into the brain of newborn animals in which blood-brain barrier (BBB) is not yet fully matured (8) (9) (10) (11) (12) . Also BBB breakdown with infiltration of hematogenous cells is well described following physical trauma to the CNS or during autoimmune diseases such as experimental allergic encephalomyelitis (EAE) (13) (14) (15) . However, the extent of hematogenous cellular infiltration, if any, is not well documented in neurodegenerative conditions, in which CNS cells degenerate as result of intrinsic cellular metabolic perturbation and BBB disruption may not be extensive.
Twitcher is a murine model of globoid cell leukodystrophy caused by the deficiency in activity of the enzyme galactosylceramidase and the toxic metabolite, psychosine, accumulates in both central and peripheral nervous systems (CNS and PNS). Demyelination in this disorder results from degeneration of myelin forming cell, oligodendrocytes (16) (17) (18) . Unlike EAE, BBB was better maintained (19, 20) . With progression of demyelination, the number of astrocytes and microglia/macrophages increased and MHC class II expressing cells appeared in the areas of demyelination (21, 22) . Following intravenous injection of the colloidal carbon particles a few macrophages containing these particles were identified in the CNS (23) . These previous studies suggest that hematogenous cells can infiltrate in the CNS in degenerative disease without major BBB compromise. However, the time course, extent, and the possible molecular mechanisms of macrophage infiltration in twitcher mice remain unanswered. It is well known that the activated microglia/ macrophages and astrocytes can secrete numerous signal molecules including cytokines such as monocyte chemotactic protein (MCP-1) (24, 25) , which belongs to the /CD18  MHC II  CD8  CD4  CD3  IL-2R * Neuron-specific nuclear protein.
␤-chemokine family, specifically regulating the transendothelial migration of monocytes into brain. In multiple sclerosis (MS), reactive astrocytes in demyelinating lesions express MCP-1 (26) . IL-10, a cytokine inhibitory factor (27, 28) , can be produced by CD8 ϩ cell and microglia/macrophages and serves as a major regulator in suppressing the inflammatory response (29) . Thus, we hypothesized that cytokine(s) and chemokine(s) are important regulators of the hematogenous cell infiltration in twitcher mice.
The present study was carried out using rhodamine isothiocyanate as a cellular marker (30) in order to investigate the time course, possible route of entry, and extent of the infiltration of hematopoietic cells and associated changes of MCP-1 and IL-10 mRNA expression in the CNS of adult twitcher mice.
MATERIALS AND METHODS

Animals
Heterozygous pairs of twitcher mice (C57BL/6J-twi; twi/twi) were originally purchased from Jackson Laboratory (Bar Harbor, ME) and maintained in-house by interbreeding. Twitcher (twi/twi) and normal littermates (ϩ/ϩ) were identified by genotyping using genomic DNA from the clipped tails on the postnatal day (PND) 7 (31) . All experiments were carried out according to the guidelines of the National Institutes of Health, USPHS, and the Society for Neuroscience.
Intraperitoneal Injection of RhIc
A total of 27 twi/twi and 12 ϩ/ϩ mice were used. The mice received a single intraperitoneal injection of 5 l/g body weight of 1% rhodamine isothiocyanate (RhIc) (Sigma Chemical Co., St. Louis, MO) in physiologic saline (30) at PND 20, 23, 25, 28, 30, 33, 38, 40 and 43 . They were killed 2 days after injection by perfusion. At least 2 twi/twi and 1 ϩ/ϩ mice were analyzed at each time point, except for PND 30 and 33 when 5 each of twi/twi were used, respectively.
LPS Treatment
To rule out the possibility of locally activated macrophages labeled with RhIc infiltrate into the brain nonspecifically, at PND 30, 3 normal mice were given daily intraperitoneal injection of 0.2 mg lipopolysaccharide (LPS) (Escherichia coil, 055: B5, L2880, Sigma) prepared in 0.2 ml saline for 3 successive days prior to RhIc injection.
Silica Treatment
Three twi/twi at PND 33 received a single intraperitoneal injection of 50 mg silica dust suspended with 0.2 ml saline at 3 h after RhIc injection in order to deplete circulating macrophages, as silica (Sigma, S-5631) has selective toxicity to macrophages (32, 33) .
Tissue Preparation
The mice were anesthetized with ether and perfused transcardially with physiologic saline (0.9% NaCl), followed by cold-buffered 4% paraformaldehyde. The entire brain and spinal cord were then removed, postfixed in the same fixative for 4 h, and immersed in the phosphate buffer (PB) containing 20% sucrose overnight at 4ЊC. Additionally 2 each of twi/twi mice at PND 30 and 33 and 2 ϩ/ϩ mice at PND 20 were killed 3 h after Rhlc injection by an overdose of ether without perfusion to evaluate intravascular localization of Rhlc. The brain and spinal cord were removed and fixed in 6% paraformaldehyde for 2 days and then transferred in PB containing 20% sucrose overnight at 4ЊC. Serial coronal sections of the cerebrum and transverse sections of the brainstem, cerebellum, and spinal cold were cut at 40-m thickness with a vibratome or cryostat. Sections were mounted on the gelatin-coated slide and viewed immediately in Nikon optiphoto or microphoto FXA Microscope equipped with a mercury lamp for fluorescence filter (excitation range, 515-560 nm). Then the sections were rinsed in phosphate-buffered saline (PBS, pH 7.4) and subjected to immunocytochemical analysis.
Immunocytochemistry
The primary antibodies and the dilutions used for the immunocytochemical studies are summarized in Table 1 . Sections were pretreated with normal rabbit or goat serum with 0.2% Triton X-100, and then incubated sequentially in primary antibody overnight at room temperature. After extensive washing in PBS, sections were incubated for 1 h in fluorescencein-labeled anti-rat IgG (Vector, Burlingame, CA); and Alexa 488 anti-mouse IgG (Molecular Probes). After immunostaining, slides were coverslipped with mounting medium (Vector) and examined under either a Nikon microphoto FXA microscope (Nikon, Garden City, NJ) equipped with an FITC filter, TRITC filter, and a FITC-TRITC-UV triple filter or Zeiss LSM210-XX . The mice were killed by decapitation and the entire brain was rapidly dissected and stored at Ϫ120ЊC until analysis. Total RNA was isolated from each sample using TRI reagent (Sigma) following the manufacturer's recommendations. 2.5 g of total RNA was reverse transcribed using the SuperScript first strand cDNA synthesis system (Gibco BRL, Gaithersburg, MD) and an oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer following the manufacturer's recommendations. The cDNA was then amplified using specific primers for mouse MCP-1, IL-10, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. Primers were chosen from the published reports (34, 35) . The primers used were sense, 5Ј-CTCACCTGCTGCTACTCATTC-3Ј and antisense, 5Ј-GCATGAGGTGGTTGTGAAAAA-3Ј for mouse MCP-1, and sense, 5Ј-TCCTTAATGCAGGACTT-TAAGGGTTACTTG-3Ј and antisense, 5Ј-GACACCTTGG-TCTTGGAGCTTATTAAAATC-3Ј for mouse IL-10, and sense, 5Ј-CCATGGAGAAGGCCGGGG-3Ј and antisense, 5Ј-CAA-AGTTGTCATGGATGACC-3Ј for mouse GAPDH. PCR was carried out in 50 l of PCR mixture containing 2.5 l of the reverse transcriptase (RT) reaction mixture, 60 mM Tris-HCl (pH 9.5), 15 mM (NH4) 2 SO 4 , 3.5 mM MgCl 2 , 4% DMSO, 0.2 mM of each deoxy-NTP, 2.5 U of Taq DNA polymerase (Amersham Life Science Inc, Cleveland, OH), and 0.4 M of each specific primer pair. After an initial heating step at 94ЊC for 4 min, the amplification cycles were 30 sec at 93ЊC and 3 min at 65ЊC in a MJ Research thermal cycler (MJ Research Inc., Waltham, MA). Optimized numbers of PCR cycles allowing the signal to be in the linear portion of the amplification curve were 35 cycles for MCP-1, 32 cycles for IL-10, and 17 cycles for GAPDH. A negative control lacking template cDNA was included in each RT-PCR. 20 l of each PCR products was electrophoresed in a 1.5 % agarose gel. The gel was stained with ethidium bromide and photographed. For quantitative analysis, the stained gel was scanned with an image scanner (ScanJet ADF, Hewlett-Packard Co.) and the band density was digitized using UN-SCAN-IT gel Version 5.1 (Silk Scientific Inc., Orem, UT). The value obtained for each MCP-1 and IL-10 PCR bands was normalized for the GAPDH bands and was shown as a percentage of GAPDH mRNA level. Data were expressed as mean Ϯ standard error (SEM). The statistical significance was determined by Student t test and considered significant if p values were less than 0.05.
RESULTS
Following Rhlc injection, no adverse effects were detected in either twi/twi or ϩ/ϩ mice. The ϩ/ϩ littermate appeared physically healthy without any sign of distress. The clinical symptom of twi/twi that received Rhlc was similar to that of the age-matched twi/twi mice without RhIc injection.
RhIc ϩ Cells Infiltrate Into the CNS
Normal Mice: In all mice that received injection of RhIc, cells in the choroid plexus and leptomeninges and to far lesser extent, perivascular cells in the brain were labeled with Rhlc. The immersion-fixed brain revealed delicate intraparenchymal microvasculatures packed with Rhlc. No Rhlc ϩ cells or leakage of Rhlc were detected in the cerebrum or cerebellum. However, in the brainstem and spinal cord, Rhlc fluorescence was detected in neurons in the hypoglossal and facial nerve nuclei, and in the spinal anterior horn, presumably due to the uptake of the dye from the distal axon terminals (data not shown). These neurons were labeled with antibody for the neuronal marker, NeuN.
Twitcher Mice: In all mice, labeling of Rhlc was found in the leptomeninges, choroid plexus, perivascular area, and neurons in the brainstem and spinal cord as stated in the ϩ/ϩ mice. In agreement with our previous study (19) , there was no leakage or extravasation of Rhlc through the microvasculatures within the CNS parenchyma. In the sections of the CNS fixed by immersion, intraluminal Rhlc fluorescence sharply outlined intraparenchymal microvasculatures (Fig. 1) . In mice killed at PND 22, 25, and 27, hardly any RhIc-labeled cells were detected in the CNS parenchyma ( Fig. 2A, B) . On PND 30, there were a few RhIc ϩ cells in the white matter of the spinal cord and the brainstem, but none in the cerebrum or cerebellum. The increased number of RhIc ϩ cells appeared in the spinal white matter and nerve fiber tracts in the brainstem such as dorsal spinocerebellar tract and spinal tract of trigeminal nerve on PND 32. Only scattered RhIc ϩ cells were detected in the cerebral white matter (Fig. 3A, B) . On PND 35, numerous RhIc ϩ cells appeared additionally in the cerebrum including internal capsule, corpus callosum, anterior commissure, fimbria hippocampi, and deep layers of the frontoparietal cortex. A few RhIc ϩ cells were also seen in the cerebellum ( B), as shown in the diagram (Fig. 4C) . On PND 40 and 42, although some RhIc ϩ cells were still noted within the CNS, the number sharply decreased. On PND 45, only rare RhIc ϩ cells were found in the CNS, indicating very few hematogenous cell infiltration within the CNS parenchyma, although Rhlc ϩ cells were still detected in the leptomeninges and choroid plexus (Fig. 5A, B) .
In the PND 35 twi/twi mice with the silica treatment, the number of RhIc ϩ cells was markedly decreased throughout the CNS especially in the white matter of the spinal cord and brainstem (Fig. 6A) . In these mice, strong Rhlc fluorescence was detected in the leptomeninges and ependymal regions that diffused into the brain parenchyma. In fimbria hippocampi, the number of RhIc ϩ cells did not change significantly (Fig. 6B) . The results of our semiquantitative analyses are shown in (Fig. 7A-C) . In the mice killed at PND 32 and 35, Rhlc ϩ /Mac-1 ϩ cells increased throughout the CNS. However some Mac-1 ϩ reactive microglial cells were not labeled with RhIc (Fig. 8A-C Mac-1 ϩ double-labeled cells were detected in the CNS (Fig. 9A-C) .
The Majority of RhIc ϩ Cells Express Ia Immunoreactivity
Normal Mice: Ia ϩ cells were extremely rare in the CNS of ϩ/ϩ mice at any age as has been reported (21, 22 (Fig. 10A-C) . On PND 45, the double-labeled cells disappeared in the CNS, although some were still recognized in the leptomeninges.
Some RhIc
ϩ Cells Were Immunoreactive to CD4, CD8, CD3, and IL-2R Antibodies
Normal Mice: As reported previously (22, 28) , hardly any cells immunoreactive with antibodies for CD4, CD8, or IL-2R were identified in the CNS. Only a few CD3 labeled small cells were detected in the CNS.
Twitcher Mice: Similar to our previous reports (22, 36) , CD3, CD4, CD8, and IL-2R immunoreactive cells were identified in twi/twi CNS. Some of these cells were labeled with Rhlc. The pattern of the distribution of double-labeled cells was similar to RhIc ϩ /Ia ϩ cells. At PND 22, 25, and 27, scattered double-labeled cells were observed in the white matter of the spinal cord and brainstem but barely in the cerebrum. From PND 30 to 35, the increased numbers of RhIc ϩ /CD4 ϩ , CD8 ϩ , and IL-2R ϩ cells were seen in CNS parenchyma (Fig. 11A-D) , while the numbers of CD3 ϩ cells were similar to that of ϩ/ϩ mice.
Time Course of MCP-1 and IL-10 mRNA Expression in Twitcher Mouse Brain
Normal Mice: Basal mRNA levels of MCP-1 (8.3% Ϯ 2.9%) and IL-10 (31.2% Ϯ 4.0%) were detectable by RT-PCR (Fig. 12 ) and there were no significant changes from PND 20 to 40.
Twitcher Mice: The MCP-1 mRNA expression level was as low as that of ϩ/ϩ mice at PND 20 (16.3% Ϯ 4.7%). However, it increased dramatically at PND 30 and peaked at PND 35 (110.3% Ϯ 16.7%). It remained high from PND 40 (84.3% Ϯ 12.8%) to PND 45 (90% Ϯ 19.0%) but was less than that on PND 35 (Fig. 12A, C) . The MCP-1 expression level from PND 30 to 45 was significantly higher than that on PND 20. The IL-10 mRNA expression level increased from PND 20 (30.0% Ϯ 2.0%) to 25 (57.7% Ϯ 10.1%) and followed by decrease on PND 30 (36.8% Ϯ 5.8%). Then, it increased gradually through PND 35 (53.2% Ϯ 11.9%) to 45 (63.9% Ϯ 12.0%). The IL-10 mRNA expression level on PND 45 was significantly higher than that on PND 20 (Fig. 12B, C) .
DISCUSSION
In agreement with the previous works with rat (37) , intraperitoneal injection of Rhlc labeled hematogenous cells in mice in the current experiment. Rhlc ϩ cells were detected only in the leptomeninges, choroid plexus, and supra ependymal regions of the ventricles but not in the CNS parenchyma of normal adult mice, when the mice were examined 2 days after the Rhlc injection. In twitcher mice examined on PND 20 to 30, the result was essentially the same as that of the normal adult mice. However, Rhlc ϩ cells increased in the CNS parenchyma thereafter. Demyelination in twitcher mice commenced in orderly fashion and the nerve fiber tracts that myelinate earlier started demyelinating first (38) .
In the cerebellar white matter and brainstem, demyelination and increased numbers of macrophages were recognized after PND 20 and in the cerebral white matter In previous work with transgenic mice overexpressing the MCP-1 in the CNS, Fuentes et al (39) showed that, following LPS injection, numerous mononuclear cells were recruited into the CNS of the transgenic mice while normal control littermates completely lacked monocyte invasion of the CNS. In agreement with their data on the normal mice, the ϩ/ϩ mice that received LPS injection in our experiment showed no RhIc ϩ cell infiltration in the CNS parenchyma. In these control mice, the level of MCP-1 mRNA was similar to that in untreated normal mice. These data indicate that expression of ␤-chemokine The decrease of Rhlc ϩ cells in the brain after PND 40 indicates decrease in recruitment of hematogenous cells despite continuous demyelination. The bone marrow and splenic macrophages were not affected in twi/twi mice (40) ; thus the reduced number of RhIc ϩ cells observed in the brain cannot be accounted for the reduction of macrophage production in the bone marrow and spleen. Interestingly, the mRNA of IL-10, a potent inhibitor of cytokine secretion, was upregulated in the twitcher brain. IL-10 attenuates the production of TNF-␣ and IL-6 (28), downregulates MHC class II expression, and also inhibits inflammatory responses (29) . Therefore, upregulation of this cytokine may also contribute to the decrease in MHC class II expression and hematogenous cell infiltration. The significant increase of IL-10 mRNA on PND 45 supports this interpretation. The transient increase at PND 25 is somewhat puzzling. Such a transient early peak followed by gradual steady increase has been noted during studies on wound healing (41) and Wallerian degeneration of the peripheral nerve (42) . The early peak shortly after injury is speculated to be due to local production of IL-10, and the later increase might be due to generation by inflammatory cells. Thus, the early increase noted in twitcher brain might reflect the production of LI-10 by resident reactive microglia and astrocytes (43) . The later steady increase of IL-10 expression might be due to, at least in part, infiltrating hematogenous cells as increase of IL-10 mRNA paralleled with the increase of the infiltration of hematogenous cells into the CNS. Our preliminary study of twitcher mouse with bone marrow transplantation (BMT), using green fluorescence protein transgenic mouse as the donor, has shown that some GFP ϩ cells expressing IL-10 (Unpublished data). It has been reported that there is a large number (14,000 cells per brain) of pluripotential hematopoietic stem cells in the adult mouse brain (44, 45) . These cells might provide new hematogenous lineage macrophages of CNS origin with progression of disease, not necessarily from the circulation. Following administration of silica in the present study, the infiltration of RhIc ϩ cells was blocked and the number of Rhlc ϩ cells decreased throughout CNS, however, some RhIc ϩ cells were still identified. These RhIc ϩ cells probably were the cells already infiltrated in the brain prior to silica injection, since silica injection was carried out 3 h after the Rhlc injection. RhIc ϩ cells were frequently seen in the choroid plexus, perivascular region, and leptomeninges. Thus, RhIc ϩ may infiltrate into the brain parenchyma through these structures, particularly from the leptomeninges via the pial surface (2) in twi/twi mice. Relative preservation of RhIc ϩ cells in the fimbria even after silica injection might indicate that these were epiplexus cells that were residing on the telencephalic choroid plexus in the lateral ventricle (46) . Diffusion of Rhlc into the brain, leptomeninges, and ependymal region in silica-treated twitcher most likely resulted from the leakage of Rhlc from silica containing Rhlc ϩ macrophages undergoing degeneration. One of the therapeutic approaches thoroughly explored as a treatment for genetic neurodegenerative disorders is BMT. BMT has been conducted as possible treatment strategy of varieties of lysosomal storage disorders that often affect the CNS, and results so far have been variable (47, 48) . Delivery of deficient enzymes into the nervous system by donor cells has been considered to be a major obstacle because of the presence of blood-brain barrier and many attempts have been made to open the barrier. However, in some disease it appears that there is infiltration of hematogenous cells in the brain as the natural disease process. Thus, in twitcher mice, BMT should be able to deliver deficient enzyme successfully. In fact, in our previous BMT study with twitcher mice, recipient twitcher survived much longer than untreated twitcher and there was clear evidence of remyelination in the CNS. Some donor cells were detected immunocytochemically in the CNS white matter (49, 50) . Beneficial effects of BMT on late onset Krabbe disease, a human counterpart of twitcher mice (47) , may also suggest hematogenous cell infiltration in the CNS of the patients. More recently we have conducted a BMT study with a mouse model of Sandhoff disease (51, 52) . The recipient mice survived longer and we were able to demonstrate donor cells within the recipient CNS. However, the distribution of the donor cells in these 2 diseases was quite different.
Rhlc injection is a very simple procedure to detect infiltrating cells in the nervous system. Thus, it is very useful to obtain preliminary information of possible cellular infiltration in the nervous system of disease models.
One of the drawbacks is that RhIc is taken up by the neuronal terminals and transported via axoplasmic flow and thus, as noted in our current study, soma as well as axons of the motor nerves show fluorescence with Rhlc. Therefore, Rhlc injection cannot be used to evaluate the cellular infiltration in the peripheral nervous system. Also, the Rhlc labeled cells are cells labeled only during the 2-day period following the injection and thus cells infiltrated prior to the injection cannot be detected by this method. Nevertheless, the information on the cellular infiltration in twitcher CNS by this method is useful for understanding the cellular pathophysiology in neurodegenerative diseases.
